Abstract Dimethyl sulfoxide (DMSO) is a well-known solvent widely used in cell biology owing to its specific physicochemical properties, which allow it to decrease the lipid bilayer's thickness and membrane fluidity while increasing membrane permeability. To improve doubled haploid production using an anther culture method in barley and bread wheat, the addition of DMSO to the pretreatment medium was tested. The first experiment was carried out on four barley cultivars with varying degrees of androgenetic ability by exposing them to four DMSO concentrations (0, 0.2, 1 and 2 % v/v). The medium with 1 % DMSO was the most effective in increasing the numbers of embryos and plants. The highest concentration tested (2 %) negatively impacted all of the measured variables when compared with the results of the 1 % DMSO addition, probably owing to a toxic effect. The effects caused by this solvent were more remarkable on the most recalcitrant cultivars, in which there was a threefold increase in the number of green plants. Furthermore, a downward trend in the albinism rate was observed as the concentration of DMSO increased. In a second experiment, we compared a 1 % DMSO supplement with the control to determine whether its addition was effective in several cultivars and F1 crosses of bread wheat. As in barley, there was a marked increase in the number of green plants, leading to a twofold to fourfold increase in both cultivars and F 1 crosses.
Introduction
The in vitro production of doubled haploids (DHs) is an efficient method to produce homozygous lines in a singlestep, shortening the time required by conventional breeding methods (Maluszynski et al. 2003; Germanà 2011; Islam and Tuteja 2012; Dwivedi et al. 2015) . Androgenesis is a common technology used to produce DHs (Touraev et al. 2001) . First reports on the production of DH plants in barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.) via androgenesis were published more than 30 years ago (Clapham 1973; Ouyang et al. 1973) . Since then, several improvements in haploid and DH technologies have been accomplished for both cereals (Datta and Wenzel 1987; Kao et al. 1991; Kasha et al. 2001 Kasha et al. , 2003 Konzac et al. 2002; Cistué et al. 2003 Cistué et al. , 2006 Cistué et al. , 2009 Forster et al. 2007; Echávarri et al. 2008; Devaux and Kasha 2009; Wedzony et al. 2009; Ferrie and Caswell 2011; Santra et al. 2012; .
However, despite the improvements in methodology that have been made to increase the number of microspore divisions in cereals, there are still some limiting factors (albinism and genotype dependence) that reduce the usefulness of this method in breeding programs (Lantos et al. 2013) . Furthermore, numerous endogenous and exogenous factors affect the embryogenic response of anthers in culture (Wang et al. 2000; Datta 2005; Olmedilla 2010; Germanà 2011) . Among the exogenous factors, the stressinducing pre-treatment is considered a key point for DH production from the male gametophyte since it directs the microspore to change its initial pollen development program to the embryo development program (Jacquard et al. 2009 ).
Pretreatments usually consist of the application of a stress treatment to donor plants in vivo or to excised inflorescences, flower buds, anthers or isolated microspores in vitro, before being transferred to the culture medium (Touraev et al. 1997) . Various stresses have been identified as triggers to induce microspore embryogenesis. Cistué et al. (1994 Cistué et al. ( , 2003 Cistué et al. ( , 2006 Cistué et al. ( , 2009 routinely use starvation and high osmotic pressure (mannitol-containing solid medium) as a successful stress-inducing pretreatment in barley and wheat. In this medium, microspores undergo profound changes at the structural and metabolic levels that are mediated by the perception and transmission of external information through the plasma membrane (Maraschin et al. 2005; Muñoz-Amatriaín et al. 2006) . The plasma membrane plays a key role in stress signal transduction. According to Xiong et al. (2002) , there may be multiple primary sensors that perceive the initial stress signal. Thus, cell membrane constituents, such as specific membrane lipids, may be involved in the early stress-signal perception and transduction (Munnik and Meijer 2001) . These cell membrane components are susceptible to changes that can subsequently alter membrane fluidity, permeability and cellular metabolic functions (Huang 2006) . Various kinds of environmental stresses, such as osmotic stress and temperature, cause alterations in the physical properties of the membrane lipids in living cells (Los and Murata 2004; Malik et al. 2014) . Fluctuations in temperature can affect the fluidity of both cytoplasmic and thylakoid membranes. Thus, cold causes a decrease in the membrane fluidity, which can be compensated for by the desaturation of membrane lipids by fatty acid desaturases, while heat shock causes the fluidization of membranes (Los et al. 2013) . Similar to cold, sugar starvation was also reported to change the structure of the plasmalemma, in particular the phospholipid composition in plants (Zoriniants et al. 2005 ). Los and Murata (2004) suggested that hyperosmotic stress, like low-temperature stress, might reduce membrane fluidity and that hypotonic stress, like heat stress, might fluidize membranes. They postulated that changes in membrane fluidity might coordinate the activities of membrane-bound proteins and sensor proteins, which transfer signals from outside, with the subsequent regulation of gene expression.
There are different chemical substances that can act by producing changes at the membrane's cellular level. Dimethyl sulfoxide (DMSO) is one of these substances (Lyman et al. 1976; Davis et al. 1978; Jacob and Herschler 1986; Yu and Quinn 1998) . Dimethyl sulfoxide, a solvent with low toxicity according to FDA directive 67/548/EEC, is a small amphipathic molecule with a hydrophilic sulfoxide group and two hydrophobic methyl groups that make it soluble in both aqueous and organic media (David 1972) . Its specific physicochemical properties make it a suitable substance to be used in diverse fields of science. These properties are important defining characteristics that affect its actions on membranes. Since it was first synthesized in 1867 owing to its use in the wood industry, its applications, with well-developed protocols, have significantly increased. Dimethyl sulfoxide has been widely employed in cell biology as a celldifferentiating agent and an inducer of cell fusion in mammalian cells (Ahkong et al. 1975; Lyman et al. 1976; Norwood et al. 1976, Norwood and Zeigler 1982; Sawai et al. 1990; Srinivas et al. 1991) , a hydroxyl radical scavenger (Simic 1988; Phillis et al. 1998; Bektasoglu et al. 2006; Sanmartín-Suárez et al. 2011 ), a cryoprotectant (AshwoodSmith 1967 Snedeker and Gaunya 1970; Rall and Fahy 1985) and a solvent in nuclear magnetic resonance studies (Kim and Ralph 2010) . Additionally, as Santos et al. (2003) reported in 2003, DMSO has multiple uses in medicine. It can also be used as a chemical penetration enhancer to deliver active molecules through the skin (Tarrand et al. 2012) . Furthermore, several observations suggest that DMSO increases membrane permeability (de Ménorval et al. 2012) , and it has been shown to reduce membrane fluidity and promote Ca 2? influx in plant cells at 25°C (Ö rvar et al. 2000; Sangwan et al. 2001) .
Given the relevant roles played by the plasma membrane in perceiving and transmitting stress signals and given that the hyperosmotic stress caused by the mannitol pretreatment medium and DMSO might cause similar effects on membrane fluidity (Ö rvar et al. 2000; Los and Murata 2004) , we decided to evaluate the effects of DMSO combined with the mannitol medium on androgenesis. Since DMSO can also increase the flow rates of some low molecular weight solutes across the membrane (Yu and Quinn 1994) , it could cause a positive influence on androgenesis.
Thus, the aim of the present investigation is to determine if DMSO could improve the androgenesis efficiency in barley (H. vulgare L.) and bread wheat (T. aestivum L.) by including this solvent in the pretreatment medium. Despite DMSO being a well-known chemical agent widely used in different disciplines of science, to our knowledge no study on its use as a component of the pretreatment medium in anther culture has been reported. Therefore, to assess the potential effects of DMSO on microspores and to determine the optimum concentration for androgenesis in barley, we carried out an experiment in which increasing concentrations of DMSO were added to the pretreatment medium. According to the data obtained from preliminary tests in bread wheat, the effects of the optimum DMSO (1 %) concentration versus the control was analyzed in several cultivars and F1 crosses of bread wheat to verify whether its addition increased DH production.
Materials and methods

Donor plants and growth conditions
In the first experiment, four barley cultivars with different androgenic abilities were used as sources of anthers. 'Cobra' is a high responding cultivar and has a low rate of albinism. 'Dobla' is a medium responding cultivar, while 'Hop' and 'Plaisant' are low responding and have high rates of albinism. In the second experiment performed in soft wheat, three cultivars with different levels of responsiveness to anther culture that are commonly grown in Spain ('Antequera', 'Atae' and 'Kilopondio') and 10 F 1 crosses provided by the private company Batlle Seeds S.A. were used in this research. 'Antequera', 'Atae' and 'Kilopondio' are high, medium and low responding cultivars, respectively. The parental cultivars used to perform the crosses were the following: 1: 'Adagio'; 2: 'Antequera'; 3: 'Bat-L5'; 4: 'Esperia'; 5: 'Bat-L8'; 6: 'Ingenio'; 7: 'Mecano'; and 8: 'Tejada'.
Barley donor plants were vernalized and grown in growth chambers as previously described by Cistué et al. (1999) . Wheat donor plants were grown as described by Cistué et al. (2006) for durum wheat.
Pretreatment conditions and induction media
Barley and bread wheat spikes were collected when most of microspores were at the mid-to late-uninucleate stage. To identify these spikes, anthers from the central flower of the first spikes of each genotype were checked using acetocarmine staining (Jacquard et al. 2006) . The distance from the base of the flag leaf to the penultimate leaf was measured as a guide. Afterwards, leaf sheaths with enclosed spikes were sterilized by spraying with 70 % ethanol under aseptic conditions. The anthers from the central flowers of each spike were excised and pretreated by plating on the pretreatment medium as detailed below.
The basal medium containing 0.7 M mannitol and 40 mM CaCl 2 Á2H 2 O solidified with 0.8 % (w/v) Sea Plaque agarose (Cistué et al. 2003) , supplemented with four different concentrations (0, 0.2, 1 and 2 % v/v) of DMSO (Sigma-Aldrich, C99.5 % (GC) plant cell culture tested), was used to pretreat anthers from barley. We used 6-cm diameter Petri dishes containing 6 ml pretreatment medium. Thirty-two spikes per genotype were evaluated, and 36 anthers from each spike were randomly distributed among the four pretreatment media (9 anthers in each pretreatment plate). Each treatment had 32 replications (each replication corresponding to a Petri dish) per genotype. Anthers plated on medium without DMSO were used as controls. All of the dishes were incubated for 4 days at 24°C in the dark. Then, to induce androgenesis, pretreated anthers were transferred onto 3-cm diameter Petri dishes containing 1.5 ml FHG (Hunter 1988 ) liquid medium supplemented with 200 g/l Ficoll Type 400 and kept in the dark at 25°C. After 10 days, dishes were replenished with 1.5 ml of the same medium containing 400 g/l Ficoll Type 400 (Cistué et al. 1995) .
For bread wheat, the basal pretreatment medium contained 0.7 M mannitol, 40 mM CaCl 2 Á2H 2 O plus FHG macronutrients (Hunter 1988 ) solidified with 0.8 % (w/v) Sea Plaque agarose. We used 6-cm diameter Petri dishes containing 6 ml pretreatment medium. Some preliminary tests previously performed using bread wheat (data not shown) had indicated that 1 % DMSO produced the best response. Therefore, we carried out an experiment in which the basal medium without DMSO, used as a control, and the basal medium plus 1 % (v/v) DMSO were compared in three varieties of bread wheat. Twelve spikes from each variety were selected. In each variety, each treatment had 12 replications (each replication corresponding to a Petri dish). Additionally, six spikes from each F1 cross were selected. In this case, the number of replications was six per treatment (Petri dishes). In both the varietal and F1-cross experiments, 30 anthers from each spike were randomly distributed among the two pretreatment media (15 anthers per pretreatment plate).
After 4 days at 24°C in the dark, anthers were transferred onto 3-cm Petri dishes containing 1.5 ml modified MMS3 liquid medium supplemented with 300 g/l Ficoll type 400, previously preconditioned with 10 wheat ovaries per plate (Hu and Kasha 1997; Zheng et al. 2002) . The induction medium contained most of components of MMS3 except for a lesser amount of maltose (62 g/l), a wider range of vitamins (1 mg/l glycine, 0.25 g/l biotin 0.5 g/l ascorbic acid and 0.25 g/l pantothenate calcium) and different hormones (1 mg/l 2,4-Dichlorophenoxyacetic acid and 1 mg/l benzyladenine). Cultures were incubated at 24°C in the dark. Dishes were replenished with the same amount of induction medium 10 days later.
Embryogenesis and plant regeneration
Embryos approximately 1-2 mm in size, were collected from the dishes 4 and 6 weeks after culture initiation in barley and 5 and 7 weeks after culture initiation in wheat. Then, they were placed on 6-cm diameter dishes containing 6 ml of solid regeneration medium. We used FHG medium (Hunter 1988) for barley and the J25-8 medium (Jensen 1983) for wheat. Dishes were placed for 2 days in the dark at 25°C and afterwards, they were carried to growth chambers set at 24°C, with 16/8 h light/dark conditions until shoots and roots were well developed. After 4 weeks, the number of green and albino plants was counted. In barley, a random sample of green plants was transferred to a MS (Murashige and Skoog 1962) medium supplemented with 2 mg/l aNaphthaleneacetic acid (NAA). In the case of the bread wheat, a random sample of green plants obtained from the varieties and all of the green plants obtained from F1 crosses were transferred into Magenta boxes containing solidified J25-8 medium supplemented with 2 mg/l NAA. Later, green plants from the Magenta boxes (barley and wheat) were transplanted to pots and grown to maturity in a greenhouse to check fertility. Plants that set seeds were classified as DHs, whereas sterile plants were classified as haploids. In the case of barley, owing to its usual high rate of self-duplication (Cistué et al. 1994) , no significant differences were observed between the pretreatment media and we did not consider them.
Statistical analysis
The experiments were arranged in a randomized design. We used four genotypes and four treatments per genotype in barley. Each treatment had 32 replications per genotype. In wheat cultivars and F1 crosses, three genotypes with two treatments per genotype and 10 genotypes with two treatments per genotype, respectively, were used. In each variety, each treatment had 12 replications. In the F1 crosses the number of replications was six per treatment. Variables related to DH production, including the number of total divisions (nTD), embryos (nEMB), green plants (nGP) and albino plants (nAP), were recorded. The variable nTD was calculated from the sum of non-embryogenic structures and nEMB. The number of non-embryogenic structures was estimated by counting oneninth of the Petri dish area under a stereoscopic microscope using millimeter paper. The variable nAP per total plants (pAP) was calculated as a measure of the albino ratio. All of these variables were expressed as means per 100 anthers. A log-transformation [log (x ? 1)] was used for wheat. The significance of differences in mean values was tested using a two-factor analysis of variance test using spikes as blocks with the GenStat statistical package (14th edition). For statistically significant results, Duncan's multiple range test was applied to detect differences in barley among the media, while Student's t test was used for wheat. The statistical analysis was conducted at a 95 % confidence level. Observed p values\0.05 were considered statistically significant.
Results
DMSO experiment in barley
To improve the DH production using anther culture in barley, a new pretreatment medium consisting of 0.7 M mannitol supplemented with four different concentrations of DMSO was tested. The results presented in Table 1 show that significant differences were found between the genotypes and between the pretreatment media for all of the variables measured. The non-significant genotype 9 pretreatment medium interactions for nEMB and nGP indicated that the effects caused by DMSO on these variables were independent of genotype.
The analysis of the four genotypes independently studied with respect to the variable ''Pretreatment medium'' using Duncan's multiple range test showed significant statistical differences in favor of the medium containing 1 % (v/v) DMSO when compared with the control, for all cultivars except for 'Cobra' ( Table 2 ). All of the evaluated variables were significant in 'Hop', 'Dobla' and 'Plaisant', except for nAP in 'Dobla'. 'Cobra' produced non-significant differences at the 1 % concentration of DMSO, but the greatest increases in the numbers of embryos and plants were obtained. This could be due to its high responsiveness to anther culture, which makes it difficult to obtain significant statistical differences.
Table 2 also shows that the addition of increasing DMSO concentrations produced the same response pattern in all of the studied genotypes for the evaluated variables, except in 'Cobra', which showed a slight reduction in nTD compared with the control. Higher DMSO concentrations, up to 1 %, which proved to be the most effective, resulted in an increase in nEMB, plant production and nTD. The effects were more remarkable in 'Hop' and 'Plaisant', the most recalcitrant cultivars. In all of the genotypes, 2 % (v/ v) DMSO reduced the nEMB, nGP and nAP, as well as the nTD compared with 1 % DMSO, possibly owing to a toxic concentration effect. A downward trend in the albinism rate occurred as DMSO concentrations increased in all of the genotypes except for 'Hop', in which 2 % DMSO slightly increased this rate, although to a level below the control average (Table 3) .
For all of the cultivars, we observed that the addition of any DMSO concentration induced a faster embryo development compared with the control.
DMSO experiment in bread wheat
Given the results obtained from barley and to determine whether 1 % DMSO added to the pretreatment medium could be an effective enhancer of androgenesis in bread wheat, we carried out two experiments. First, we evaluated the effectiveness of the medium with the supplemental 1 % DMSO versus the control without DMSO in three cultivars commonly grown in Spain. Afterwards, we again tested this medium versus the control in 10 F 1 crosses provided by a private company with the aim of obtaining as many DH plants as possible.
Response of the three bread wheat cultivars to 1 % DMSO Significant differences were found between the genotypes for all of the variables measured and among the pretreatment media for nEMB, nGP and nTD according to the statistical analysis. The effects of the pretreatment medium did not interact with genotype for any of the variables measured, so the effect caused by DMSO was independent of genotype (Table 4) . The effects of the addition of 1 % DMSO versus the control for each variety analyzed using Student's t test are shown in Table 5 . All of the studied genotypes improved their anther culture responses with DMSO, although not all of the variables were significantly affected. 'Antequera', the most responsive variety, much like 'Cobra' in barley, was not significantly different for any of the androgenic variables. All of the evaluated variables were significant in 'Atae', which produced reasonable numbers of embryos, but they predominantly regenerated into albino plants. In 'Kilopondio', the least responsive variety, only nGP results were significant.
A decreasing trend in the percentage of albino plants was observed for all cultivars with the addition of 1 % DMSO to the pretreatment medium. pAP was 49.6 and 45.0 % for 'Antequera', 92.8 and 88.4 % for 'Atae', and 61.0 and 23.8 % for 'Kilopondio' in control and DMSO media, respectively.
The percentages of self-duplication obtained in this experiment were 38.7 and 40 % for 'Antequera', 43.5 and 45.3 % for 'Atae' and 41.7 and 39.6 % for 'Kilopondio' in control and DMSO media, respectively.
Anther culture responses of 10 F 1 crosses to 1 % DMSO There were significant differences among genotypes for all of the variables measured and among the pretreatment media for nEMB and nGP (Table 6 ). Responses of the F 1 crosses to anther culture are shown in Table 7 . The positive effects of the addition of 1 % DMSO to the pretreatment medium, when compared with the control, are reflected in the increases in the nEMB and nGP in all of the F 1 crosses, except in the case of 'Tejada' 9 'Esperia', which showed a slight decrease in nEMB. Likewise, all of the crosses displayed an increase in the nAP, except for 'Antequera' 9 'Ingenio', 'Bat-L5' 9 'Esperia' and 'Tejada' 9 'Esperia', which fell slightly. However, as previously seen in barley and bread wheat cultivars, although in general DMSO increased the nAP, the proportion of albino plants per total plants was reduced in all of the F 1 crosses, except for 'Ingenio' 9 'Bat-L8'. This F 1 cross did not produce any plants in the control medium, therefore, its albinism rate could not be calculated (Fig. 1) . Also, in the control medium, a higher nAP than nGP was produced by all of the F 1 crosses with pAP values higher than 60 %. However, in the DMSO medium, pAP was higher than 60 % in only four of the 10 crosses. There were large differences in the responsiveness to anther culture among the 10 crosses screened in this experiment. Thus, the mean nEMB per 100 anthers varied widely from 16.7 to 632.0 for the control and from 29.5 to 877.3 for the DMSO medium. To a greater or lesser extent, green plants were produced from all crosses in the DMSO medium, whereas only seven of the 10 crosses produced green plants in the control medium. The most responsive cultivar in both media was 'Antequera' 9 'Esperia' with 117.3 and 366.7 nGP per 100 anthers for control and DMSO media, respectively. This cross, together with 'Tejada' 9 'Esperia' produced the most albino plants in both media. In the control, the least responsive F1 cross was 'Ingenio' 9 'Bat-L8', which did not produce any plants and also produced few embryos. Moreover, two crosses, 'Bat-L5' 9 'Esperia' and 'Tejada' 9 'Esperia', only produced albino plants in the control medium.
The frequency of chromosome doubling ranged from 14.3 to 50 % in crosses containing the control, and from 19.2 to 66.7 % in crosses on the DMSO-containing medium. In addition, in four of the 10 crosses no DHs were obtained in the control medium. For the DMSO medium, DHs were obtained for all of the crosses. In three of the 10 F 1 , the percentage of DH obtained on the control was higher than from the DMSO-containing medium. The increase in the nGP in the DMSO medium was twofold to threefold greater in the four crosses and threefold to fourfold greater in three of the crosses with respect to the control. As in barley, embryos developed faster in the DMSO medium than in the control medium. For each genotype, means within a column followed by the same letter are not significantly different at p B 0.05 by Student's t test 
Discussion
A high efficiency in cereal DH production requires an optimal pretreatment to obtain both a large number and high quality of embryogenic microspores (Zheng 2003 ). As we indicated before, there is a wide range of available stresses that can be used in androgenesis (Shariatpanahi et al. 2006; Islam and Tuteja 2012) , but the use of DMSO had not yet been reported. The use of low DMSO concentrations together with mannitol as stressing agents capable of enhancing DH production in anther culture is reported in this paper for the first time. After checking the addition of four different DMSO concentrations to the pretreatment medium containing mannitol in barley and bread wheat (data not shown), 1 % DMSO proved to be the concentration with the most increased efficiency of anther culture in both species based on three major aspects: the increase in the nEMB and nGP, the decrease in the pAP and the faster development of embryos in the induction medium. The use of DMSO at 1 % as determined here has been integrated into our lab protocols and has allowed us to double our DH production. In barley, the addition of 1 % DMSO, compared with the control medium without DMSO, led to a 1.4-2.8-fold increase in the most recalcitrant varieties and a 1.1-to 1.5-fold increase in the responsive ones, for all of the studied variables. A similar, although more remarkable, response was seen in bread wheat varieties, which doubled or almost quadrupled the nGP produced in recalcitrant cultivars. The F1 crosses showed a broad range in the nGP, which was wider in varieties on 1 % DMSO than the controls. Such a great disparity in results could be due to a variety of factors, including the influence of genetic background, the ability of microspores to alter their developmental pathway, the survival rates of in vitro cultures, the efficiency of androgenic embryo production, the regeneration ability to form green plants and the highly important phenomenon of albinism.
In cereals, albinism is an additional obstacle to the use of anther culture in some cultivars. The degree of albinism depends on the genotype (Caredda and Clément 1999) , and in some recalcitrant genotypes up to 100 % of the regenerated haploid plants can be albino. In the present work, the albinism rate decreased, to a greater or lesser degree with 1 % DMSO in both barley and wheat. Although, in general, DMSO increased the nAP, the albinism rate was reduced owing to the more pronounced increase in the nGP than in the nAP. Genotype dependency and albinism are important limiting factors in androgenesis (Lantos et al. 2013; Hu and Kasha 1997) . The use of DMSO did not eliminate these factors, but it improved the degree of success in anther culture.
Additionally, we observed a faster embryo development after using pretreatment media containing 1 % DMSO compared with the control in the induction media of both species. These early embryos were of good quality and mostly regenerated into green plants. This is in accordance with the idea that good quality embryos are positively correlated with the formation of green plants (Cistué et al. 1995; Zheng 2003; Cistué et al. 2009 ).
Regarding the rate of spontaneous chromosome doubling in barley, no differences were found among the different DMSO concentrations owing to the high rate of self-duplication in this specie, which is consistent with other research (Li and Devaux 2003) . In bread wheat, the results were variable, and the rate ranged from a 0-20 % increase in some wheat genotypes to a 3-20 % decrease in others. Although the highest concentration, 2 % DMSO, tested, produced better results than the control, it adversely impacted all genotypes as reflected by the decrease observed in all of the variables measured when compared with the 1 % DMSO concentration. This highlights a potential toxic effect of this solvent at this concentration, which indicates that caution is necessary when using DMSO as a solvent in experiments involving microspores.
In the present work, the enhancement of androgenesis by DMSO is probably related to its chemical structure. In general, the effects DMSO causes on cells may be due to the way in which it interacts with water and membrane lipids (Yu and Quinn 1994) .
The ability of DMSO to decrease membrane thickness and fluidity while increasing permeability has been known for a long time. Studies carried out on animal (David 1972; Lyman et al. 1976; Norwood et al. 1976 ) and plant (Haydu et al. 1977; Delmer 1979; Brodelius and Nilsson 1983; Ö rvar et al. 2000; Sangwan et al. 2001 ) cell cultures reported that the increase in permeability and the decrease in the lipid bilayer thickness caused by DMSO could promote the permeation of substances important to the cells. In our case, such effects could facilitate the uptake of nutrients in the early stages of embryogenesis leading to a faster embryo growth, as we observed in barley and wheat. Liu et al. (2002) demonstrated that the immediate availability of additional nutrients to microspores during embryo initiation seems to be critical for the formation of good-quality embryos with a higher percentage of green plants.
Different modes of DMSO-concentration dependent actions were described by several authors (Gurtovenko and Anwar 2007; He et al. 2012; de Ménorval et al. 2012) , ranging from an increased calcium influx (at 0.1-4 %) to the destruction of the cell membrane (at 55-100 %). In our case, although only low concentrations of DMSO were tested, they affected androgenesis differently. In fact, the highest concentration (2 %) displayed an adverse effect that was reflected in the loss of androgenesis efficiency when compared with 1 % DMSO. This is in accordance with experiments that also found toxic DMSO effects at low concentrations (Qi et al. 2008; Sumida et al. 2011; Galvao et al. 2014) .
Cell membrane protection results from DMSO acting as an antioxidant and a hydroxyl radical scavenger (Phillis et al. 1998; Bektasoglu et al. 2006; Sanmartín-Suárez et al. 2011) . Many stress factors, like chilling, heat shock, mechanical stress and starvation, that are microspore embryogenesis triggers, highly intensify ROS accumulation. Excessive ROS production can lead to cell death via oxidative destruction or by the induction of programmed cell death (Mittler 2002) . DMSO, owing to its antioxidant capacity, can neutralize the negative effects of ROS and ultimately lead to a higher number of living microspores. This could explain the increase in number of plants obtained using the DMSO-containing medium.
Conclusion
DH technology enables us to accelerate crop improvement programs. Achieving large numbers of DH by anther culture in barley and wheat is still a challenge. In recalcitrant genotypes, the use of 1 % DMSO during pretreatment allowed us to increase the nGP 1.5-2.5-fold in barley and twofold to fourfold in wheat, when compared with the control (0 % DMSO). This effect on nGP was also seen in responsive genotypes, although in a less notable way. Furthermore, the percentage of albino plants, a limiting factor for this technology, decreased for both barley and wheat, with varying results. This makes DMSO a useful tool for breeding applications. To the best of our knowledge, this is the first report showing that 1 % DMSO could be used as a successful enhancer of anther culture efficiency when added to the pretreatment medium (mannitolcontaining solid medium) for barley and bread wheat. Considering the multitude of DMSO effects, which are not fully understood, as well as its potential toxicity and the great complexity of the mechanisms involved in microspore responses to stress, it is difficult to ascribe a particular reason for the effects produced by DMSO on androgenesis. More studies on the effects caused by DMSO will be fundamental for broadening its applicability in other species, mainly in recalcitrant genotypes, and also in elucidating the mechanisms underlying DMSO effects on androgenesis. This solvent is a cheap, safe and easy-tohandle product that, together with mannitol, leads to higher DH production in anther culture of barley and bread wheat.
